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The observed electronic structure of tetragonal FeSe has lower apparent symmetry than that of the macroscopic 
crystallographic structure. Here, for bulk tetragonal FeSe we carry out first-principles calculations on large 
supercells that preserve the observed global symmetry but do not artificially impose such symmetry on a local, 
site-by-site basis. This broken symmetry approach reveals rich phenomena including a nontrivial pair distribution 
function, wavefunction symmetry removal, mass enhancement and concomitant band narrowing all in substantial 
agreement with experiment without appealing to the traditional strongly correlated picture. DFT calculations using 
traditional highly symmetric unit cells taken from Bragg diffraction have to be revisited to search for possibly more 
stable, symmetry-broken states. 
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For most atomically ordered crystalline materials one typically adopts a paradigm where the crystal structure 
obtained from standard x-ray diffraction (XRD), manifested as the minimum size crystallographic unit cell, provides 
an all-encompassing description of the atomic arrangement used to describe bonding and electronic structure. 
Yet, it is becoming apparent that some crystalline materials show macroscopic behavior that is inconsistent with 
the observed macroscopic crystal symmetry [1–3]. That local, atomic-scale compositional variations exist even in 
perfectly random AxB1-x alloys of composition x, leading to large effective unit cell [4,5] structures, is not surprising, 
given that there are numerous ways to configure an A-site by different number of A and B atoms, and vice versa. 
But could such polymorphous networks, manifesting a distribution of different local environments exist as intrinsic 
description of ordered non-alloyed crystals? One possible example is the iron-based superconductor, FeSe, where 
the experimentally observed electronic structure has lower apparent symmetry (‘nematicity’) [6–10] than that of 
the macroscopic crystallographic structure. It has been argued [11], on the basis that the observed structural 
symmetry breaking is too small to account for the observed degeneracy removal that this nematicity must be a 
result of electronic symmetry breaking, described within structurally symmetric minimal crystallographic unit cells, 
and is driven by strong electronic correlations. This view suggested that the significant narrowing of the band width 
near the Fermi level seen in angle-resolved photoemission spectroscopy (ARPES) of the tetragonal phase of 
FeSe [7,10,12] (illustrated by the empty circles in Fig. 1a), showing significant renormalization relative to the 
standard reference band structure of tetragonal FeSe cell (blue lines in Fig. 1a), is the evidence of strong electronic 
correlation, for it is accepted that the tetragonal phase is macroscopically highly symmetric. But the reference 
electronic structure   of Fig. 1a was calculated in the standard [13–17], albeit naive way as the property <   >
=   (  ) of the average configuration    =<    > , rather than the average      = Σ (  ) of the properties 
{ (  )} of the individual, low symmetry microscopic configurations {      = 1,  }. The former, highly symmetric 
<   >=    (  ) description is bound to preserve high-symmetric wavefunction (Fig. 1a,c), and lacks any possible 
interaction between the different local environments. However, the existence of different local positional as well 
as spin configurations can by itself change the band structure, leading to mass renormalization relative the 
corresponding single-motif band structure. This was recently noted by the effect of spin disorder e.g. in Mott 
oxides [18,19] as well as octahedral tilting e.g. in nickelates [20]. These effects open a symmetry breaking 
mechanism to nematicity and band renormalization, distinct from dynamic correlation. 
Recently, the development of “local structure probes” [1–3,21,22] offers an opportunity to go beyond the 
minimal unit cell picture, allowing researchers to investigate how the local atomic structure, over a few Angstroms 
to nanometers, deviates from this average structure picture. Successful theories must then be examined by their 
agreement with such local probes and its implication on electronic structure.  
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The current paper reports in the tetragonal phase of bulk FeSe the unexpected findings that structurally-
induced electronic symmetry removal with its attendant significant band narrowing (colored contours in Fig. 1b 
representing calculated spectral functions) and nematic orbital ordering (Fig. 1d) are predicted by DFT calculations 
without imposing strong correlations, but only when enlarged unit cells (Fig. 1e), which are large enough to allow 
for symmetry breaking distortions and concomitant variations in spin order, are explored in the DFT calculations 
for their ability to lower the total energy. Standard DFT calculations using instead the average monomorphous 
structure to predict electronic properties (Fig. 1a,c) miss the nematic picture. This reveals that unlike the average, 
virtual crystal view, the lowest energy tetragonal phase of FeSe consists of distributions of different local 
symmetry-broken motifs. The resulting novel polymorphous network is tested by computing from first principles 
the (a) Pair Distribution Function (PDF), and (b) the observed electronic structure (band order as well as the band 
width near Fermi level), finding good agreement with experiment without fitting structural parameters or imposing 
strong correlations. These results suggest not only that the unusual band width narrowing, the orbital ordering 
and the symmetry removal in tetragonal FeSe could all be the direct results of the polymorphous nature of the 
structure, but more broadly that even in the pure, ordered, stoichiometric compounds simply picking up a crystal 
structure from XRD databases then proceeding with calculations of the band structure is not always a safe practice 
before one examines if the local environment can differ significantly from the macroscopic average structure seen 
by XRD.  
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Fig. 1 Comparison of various DFT-calculated properties of tetragonal FeSe in the macroscopically-averaged 
monomorphous model (non-magnetic, tetragonal, 2 f.u./cell), having a single, repeated structural motif, and the 
polymorphous model (paramagnetic, tetragonal, 384 f.u./cell) allowing a distribution of displacements and spin 
local environments. (a) and (b): Band structures compared with experimental ARPES results [open circles; from 
Ref [7,10,12]] with α, β, and γ denoting three bands near the Fermi level; (c) and (d) orbital order (Fe and Se 
positions are shown by circles and labels in (c)); (e) lowering of total internal energy as cell size increasing. The 
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size of Fermi surface pocket can be read from the EBS in (b), which is as small as the ARPES observation (open 
circles in (b)). 
 
Finding the polymorphous network by energy minimization. We compute in the supercells of FeSe the 
distribution of local environments by allowing freedom of symmetry breaking both for atomic positions (Fe and Se 
displacements) and magnetic moments (different collinear spin configurations for Fe sites), searching for the 
minimum DFT total energy using Generalized Gradient Approximation (GGA) exchange-correlation functional with 
+U method. We allow different spin order patterns such as different AFM (anti-ferromagnetic), FM (ferromagnetic), 
NM (non-magnetic with each atom having zero moment); and PM (paramagnetic, with vanishing total moment 
but arbitrary local moments for each site, obtained in energy minimization [18,19]) configurations. Details are 
given in supplementary section X1 [URL]. Because the tetragonal phase is not the ground state structure, finding 
its intrinsic, a-thermal distribution of local structural and spin motifs entails a constrained minimization that retains 
the macroscopic tetragonal shape (or else the structure will relax to the orthorhombic ground state), while relaxing 
all local, cell-internal degrees of freedom, seeking minimum energy. The supercell size is systematically increased 
(Fig. 1e) until the relaxed total energy per atom saturates. We allow up to a 768-atom cell (384 f.u.), although 
smaller supercells of 108 atoms indicate that these effects have largely converged already by this point. The 
internal DFT energy for different magnetic order and displacements is given in supplementary section X1. This 
dependence of energy per atom on cell size (Fig. 1e) is remarkable, as in conventional compounds such as 
isoelectronic ZnSe, the total DFT energy per atom is identical for all supercell sizes. In contrast, for tetragonal FeSe 
there is a significant energy lowering of 200 meV/fu relative to the monomorphous XRD structure, indicating that 
the much-used latter approximant is not a physically relevant. The structure obtained after the minimization is 
then used to compute the PDF for comparison with measurements.  
 
Calculation vs measurements of PDF. Applying local structure probe to tetragonal FeSe such as PDF by 
Frandsen et al. [23], Konstantinova et al. [24] and by Koch et al. [25] showed that least-square fitting of the data 
in a phenomenological model required assuming low symmetry structure such as local orthorhombic distortions 
in the tetragonal phase. This cannot be realized by a small unit cell periodic structure and thus such a virtual 
structure cannot be used as input to band theory to determine the ensuing electronic properties. We use instead 
an a priori real-space periodic structure obtained from energy minimization. We show in Fig. 2 the calculated PDF 
from (a) monomorphous and (b) polymorphous structures, compared with experiment. To minimize the 
periodicity error of the repeated, finite-size supercell, for PDF calculations we surround the active core 384 formula 
units of FeSe by additional, electronically frozen bulk-like tetragonal FeSe; such ‘padded’ structure contains in total 
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3,072 formula units (6,144 atoms). We find that the calculated PDF of the monomorphous model gives anomalous 
features not seen in experiment (e.g., the misfit between fit and measured (green line) at around 4 Å [25]), 
underscoring the experimental observation [25] that the tetragonal phase is not described by a simple, repeated 
monomorphous motif. Clearly, the polymorphous calculation Rw=0.06 agrees with experiment in the local range 
(0-5 A) much better than the monomorphous approximation Rw=0.11 (almost 50 % improvement); in the long-
range region (5-50 Å) both give the same agreement of Rw=0.10. Supplementary section X2 gives the details for 
PDF calculations. 
 
 
(Updated) Fig. 2 Comparison between an experimentally measured PDF [25] (blue dots) and DFT predicted PDF 
(red lines), shown together with the difference (green lines) for (a) monomorphous tetragonal AFM1 primitive cell 
(having the lowest total energy and the best agreement among all monomorphous cells), and (b) polymorphous 
tetragonal AFM1 supercell (384 f.u./cell). The overall R-factors are also given. The results of the polymorphous PM 
supercell (not shown) are Rw=0.08 (short-range) and Rw=0.11 (long-range). Red circle in (a) shows the disagreement 
around 4 Å.  
 
The nature of the local spin and structural motifs. FeSe has a distribution of local spin geometries and a 
distribution of atomic displacements. The two sets of degrees of freedom are coupled. Fig. 3a,b show via red lines 
the distribution of local magnetic moments (a) and charges (b) on atoms in the PM phase, where the vertical blue 
lines denoted “NM Mono” show the corresponding quantities in the fictitious monomorphous approximation, 
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being obviously very different.  
 
 
Fig. 3 Histogram plots for: (a) Local magnetic moment on Fe sites and (b) local electronic charge at Fe sites obtained 
from PM polymorphous supercell (red bars), compared with the single values from NM monomorphous primitive 
cell shown by blue lines. 
 
FeSe has an Fe-Se-Fe layered structure which is orthorhombic (Cmme) below 90 K [26] and paramagnetic 
down to 0.4 K [27], and transforms to a tetragonal structure (P4/nmm) above 90 K [28]. Fig. 4a,b describe the 
average tetragonal structure as deduced from conventional XRD. There are 3 unique Se-Se distances, which are in-
plane, intra-layer, and inter-layer Se-Se (red, blue, and green dash lines in Fig. 4a). Fig. 4c shows the bond length 
distribution in the PM polymorphous supercell as a function of atom-atom separation. Although the average XRD 
structure has single, unique Fe-Fe and Fe-Se, and 3 Se-Se bond distances (vertical dashed lines), energy 
minimization gives a full distribution of such bond lengths, showing clear non-Gaussian distributions, indicating 
this is not due to thermal effects, but rather reflects the natural a-thermal preference of chemical bonding in this 
system. 
The atomic positions obtained from DFT energy minimization of the 768-atom supercell can be analyzed to 
reveal the predominant local structural motifs. We find that the radius-dependent local orthorhombicity  ( )= 
2|a-b|/(a+b) [25] captures well the structural motifs. When R is large,  ( )=0 in the tetragonal phase, but looking 
at R in the 5-30 Å range around atoms reveals that the tetragonal structure can lower its energy by locally adopting 
a spread of orthorhombic distortions (Fig. 4d). Fig. 4d compares our calculated      ( ) from PM phase in a 
sphere R<Rc (see schematic plot in Fig. 4d insert) to the measured     ( ) [25]. The agreement is excellent. 
Notably, both experimental and theoretical measures of the local distortions  ( )~2% are significantly larger 
than the values obtained from the average (XRD) distortions of 0% for 90 K and 0.12% for 84 K [25,26]. The latter 
small average distortions led to the argument [11] that structural symmetry breaking is too small to account for 
the observed electronic symmetry removal. Since this is not the case when one considers the pertinent local 
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distortions (to which band structures respond), we will next examine the possibility of symmetry removal based 
on the supercell calculation, not symmetry constrained monomorphous cell.  
 
Fig. 4 Structural parameters characterizing the polymorphous network comprising PM tetragonal FeSe. (a) 
Tetragonal FeSe has a layered structure and 3 unique Se-Se pair distance (in-plane, red dash line; intra-layer, blue; 
inter-layer, dark green). (b) The top view of monomorphous tetragonal FeSe shows two equivalent lattice constants 
a=b. (c) The calculated distribution of atom pairs, compared to the experimental observed mean values (vertical 
dash lines); notice the strong non-Gaussian distributions for Fe-Fe and Se-Se distances. (d) The calculated local 
orthorhombicity ηcalc(R) (colors), and their local mean (red square) compared with the experimental local means 
(black squares) from REF [25]. 
 
Consequence of local motifs for electronic properties: symmetry removal and band narrowing. The E versus 
   Page 9 of 23 
k band structure of a supercell does not lends itself to intuitive analysis. We therefore rigorously unfolded it [29–
31] to the primitive BZ, providing an “Effective Band Structure” (EBS) -- a three-dimensional picture of the 
distribution of spectral density, including both coherent and incoherent contributions, all obtained from nominally 
mean field DFT [30,31] (basic concept of EBS is given in supplementary section X3).  
Fig. 1a,b compares the measured ARPES [7,10,12] bands with the monomorphous NM band structure results 
(a) and the polymorphous PM results (b). As shown in Fig. 1a, the monomorphous NM model fails to obtain good 
electronic band structure if compared with ARPES observations: Neither the energies of  -  states at Γ, nor the 
band widths of those states nearby Γ agree with experimental results. Such failure of the monomorphous model 
is often attributed to some fundamental failure of the DFT picture. However, the monomorphous approximation 
Fig. 1a is not the best that DFT can do. Fig. 1b shows that if we allow the electronic, spin, and positional degrees 
of freedom to interact without the restriction to high-symmetry small unit cell, we find a much richer picture and 
achieve a good agreement with ARPES results. Spectral functions without ARPES matrix elements and using, as we 
have, random short-range order in the PM phase (corresponding to very high temperature) tend to overemphasize 
broad features, but these do not prevent one from locating bands α, β and γ. These three bands were found by 
the one-to-one comparisons of (1) the E-vs-k dispersion of the intensity maxima, and (2) the orbital projection of 
Fe-d orbitals between ARPES and EBS data. The calculated EBS from the polymorphous network not only 
reproduces the correct state energy and degeneracy splitting among   -  at Γ , but also provides the correct 
bandwidths for each of the three bands. The band narrowing (equivalent to mass enhancement) has been 
traditionally attributed to strong electron correlations on the basis of comparing with naive, monomorphous and 
NM DFT [7,10,12–15]. Here it is naturally explained by symmetry breaking and the ensuing inter band coupling 
sanctioned by DFT mean field. Our spectral function shows fuzzy bands below 75 meV binding energy, while ARPES 
sees clear band dispersions there [7] after filtering-out the low-intensity signals and/or using second-derivative 
imaging. This may be due to the fact that our spin distribution function in the PM phase was lacking possible spin 
short-range order [32,33]. 
In Fig. 1c,d we show the orbital ordering by plotting in real space the cross-sections (here, (001) plane at z=0) 
of the partial charge-density in an energy region nearby the top of α and β states (purple rectangles in Fig. 1a,b). 
The monomorphous tetragonal structure in the minimal cell model results in degenerated α and β bands, hence 
also results in a C4-symmetric distribution with a ratio dxz:dyz = 1:1 of partial charge-density for all Fe atom (Fig. 1c). 
Inclusion of spin-orbit coupling (SOC) gives the expected standard splitting between the α and β states [34,35], but 
it does not explain the main anomalies of the monomorphous band structure regarding the dxz and dyz orbital order 
and mass enhancement (see supplementary section X4). On the other hand, polymorphous structure, as shown 
in Fig. 1d, gives nematic partial charge-density around Fe atoms: Electron on the Fermi surface (purple rectangle 
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in Fig. 1b) are localized in an orbital pointing mainly along x or y direction but not equivalently at Fe sites. Such 
local nematicity from single-determinant DFT without strong correlations is attributed to the existence of many 
local, low-symmetric motifs, which cannot be captured in a monomorphous minimal cell.  
 
The significant finding of this study is that large anomalies in the atomic and electronic structures of the 
canonical iron-based superconductor, FeSe, emerge from the existence of an intrinsic (non-thermal) distribution 
of local positional as well as spin motifs, mandated by the intrinsic chemical bonding. Observing them in a 
calculation requires abandoning the traditional minimal unit cell picture. As such, this polymorphous nature can 
be rather straightforwardly reproduced from DFT calculations without the need to invoke strong electron 
correlation effects. By removing the constraint of a small crystallographic unit cell, the DFT can find more stable 
atomic arrangements that explain observations of enhanced nematicity in the local structure within the tetragonal 
phase. The local symmetry lowering observed experimentally, and now in DFT, is not just an approach, nor just a 
model for materials calculation, but represents the true nature of this class of materials that we are calling 
polymorphous networks. The broader implication is that band structures cannot be automatically performed with 
the traditional, minimally sized XRD unit cell without examining if the local symmetry differs from the global 
average. This realization holds the potential of crossing sub discipline divides and affecting other areas of materials 
physics and chemistry where polymorphous networks are likely to abound. Electronic anomalies observed already 
in monomorphous structures could reflect strong dynamic correlations, whereas anomalies observed in symmetry-
broken polymorphous networks could represent primarily structurally induced anomalies. 
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Section X1: Computational methods and different spin configurations of tetragonal FeSe 
DFT method: All calculations are done using VASP with PAW-PBE pseudopotentials and GGA+U method. 
Within the acceptable range of U values, for covalently bonded Fe we selected U=0.875 eV on Fe d-orbitals which 
gives a bulk lattice constant of tetragonal FeSe a=5.338 Å and c=5.521 Å conveniently close to the experimental 
value at room temperature a=5.334 Å and c=5.524 Å, so a rigid shift in geometrical distances is avoided when 
comparing to measured PDF at 300 K [1] and other geometrical data such as zSe. The cutoff energy is 350 eV. Van 
der Waals interaction has been involved in all calculations using opt86b method. We don’t consider the spin-orbit 
coupling (SOC) in our calculations. The size of each model (all monomorphous small cells and polymorphous 
supercells) has been shown in Table SI. To make the total energies between different cells comparable, we use an 
equivalent k-point mesh for total energy calculations in all cells. Magnetic orderings are shown in Figure S1. The 
paramagnetic supercell is generated following the special quasirandom structure (SQS) method using the ATAT 
code, the same procedure as applied in ref [2]. All monomorphous cells are fully optimized (all lattice vectors as 
well as internal atomic positions) by DFT total energy minimization before we calculate the total energies and band 
structures; all polymorphous cells are constrained to have the same lattice vectors as the AFM1 monomorphous 
cell, and then fully optimized internally (only internal atomic positions are optimized). 
Modeling of paramagnetic FeSe supercells. 
(i) The global shape of supercells is fixed to the macroscopically observed tetragonal symmetry.  
(ii) The Fe sites in supercells are occupied by spin-up and spin-down (collinear) Fe atoms to achieve the closest 
simulation of a perfectly random (i.e. high-temperature limit) paramagnetic phase. The paramagnetic 
configurations are generated using SQS method [3]: We selected a supercell of finite number N of atoms (e.g., 768 
atoms per cell, which has 384 Fe atoms) so that the spin-spin pair correlation functions best mimic the correlation 
functions of an infinite sized supercell; N is then increased as a convergence parameter until no further change 
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occurs. Agreement with experiment can presumably be improved by including finite-temperature short-range 
order. 
(iii) The total energy minimization is performed by relaxing all internal atoms following ab initio forces while 
retaining the symmetry of the lattice vectors of the supercell (here, tetragonal). Atoms can be nudged initially to 
avoid trapping in local minima.  
(iv) The paramagnetic configuration (which Fe site has up spin and which one has down spin) is fixed, i.e., we 
don’t allow spin flips. 
(v) Wavefunctions are not symmetrized afterwards. 
Lattice constants, atomic positions, and DFT total energies of different spin configurations of tetragonal 
FeSe. The total energy minimization calculations are done for several different spin order patterns (Figure S1) such 
as AFM1 (stripe antiferromagnetic), AFM-checkerboard, FM (ferromagnetic), NM (non-magnetic with each atom 
having zero moment) and PM (paramagnetic, with vanishing total moment but arbitrary local moments obtained 
in energy minimization). The total energies and relaxed structures of these different situations are shown in Table 
SI. 
 
 
Figure S1 Schematic plot for different magnetic orders considered in this work for FeSe. To make a clear view, only 
one layer of FeSe has been shown. Note that the paramagnetic (PM) phase is a spin-disordered phase, where the 
total magnetic moment is zero but the atomic magnetic moment on each Fe atomic site is non-zero. The PM 
configuration is generated by special quasi-random structure (SQS) method as implied in the ATAT code. 
 
 
Table SI Parameters and properties of different FeSe models. Magnetic order: NM = nonmagnetic; FM = 
ferromagnetic; AFM = antiferromagnetic; AFM-CB = AFM-checkerboard; AFM1 = AFM-stripe (see Figure S1 for 
details). Cell size is in number of formula units per cell. Crystallographic parameter zSe is the distance in (001) 
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direction between Se layer and center Fe layer, given also as the Wyckoff position of Se atom in fractional 
coordinate. DFT total energies are relative to reference (monomorphous NM tetragonal cell). 
 
Magnetic 
order 
Cell size 
(f.u./cell) 
a, b, c (Å) 
zSe (Å), 
Wyckoff 
DFT total 
energy 
(meV/f.u.) 
Experimental 
Tetragonal 
- - 5.334, 5.334, 5.524 a 1.473, 0.267 a - 
Monomorphous 
Tetragonal 
NM (ref) 2 5.138, 5.138, 5.452 b 1.401, 0.257 b 0 
FM 2 4.964, 4.964, 5.724 b 1.642, 0.287 b -103 
AFM-CB 4 5.242, 5.242, 5.594 b 1.481, 0.265 b -156 
AFM1 4 5.338, 5.338, 5.521 b 1.473, 0.267 b -230 
Polymorphous 
Tetragonal 
AFM1 384 5.338, 5.338, 5.521 c 1.470, 0.266 d -234 
PM 384 5.338, 5.338, 5.521 c 1.49, 0.270 d -198 
(a) from ref [4]; (b) from DFT optimization for tetragonal phase (lattice constants a and c are optimized; all internal 
atomic positions are optimized); (c) from DFT optimization for internal atomic positions (lattice vectors are 
constrained); (d) from statistical average after DFT optimization. 
 
 
Figure S2 Distribution of zSe in polymorphous PM supercell, compared with experimental (XRD) observed value. 
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Section X2: PDF calculations 
PDF from DFT. All calculations for PDF from DFT-optimized structure are done using PDFgui software [5]. For 
tetragonal FeSe, Qdamp and Qbroad are fixed at 0.042 and 0.01, while sratio and rcut are set to 1.0 and 0, respectively, 
the same values as used in ref [1]; scaling factor, δ1 and atomic displacement parameters (ADPs) are fitted by 
PDFgui (values listed in supplementary information Table SI). For all models, all atomic positions and lattice 
constants are given by DFT total energy optimization without fitting or postprocessing. For every supercell, the 
PDF of short-range region (1.5-5 Angstrom) is calculated using exactly the DFT total-energy minimized atomic 
positions, while the PDF of long-range region (5-50 Angstroms) is calculated using the same parameters as the 
short-range PDF (atomic positions, scaling factor, δ1 and ADPs) but with a “padding” method, adding additional 
bulk-like tetragonal FeSe all around the central cell, e.g., after the padding, the 384-fu supercell (21.4 x 21.4 x 33.1 
Angstrom3) now contains 6144 atoms and has a dimension of 42.7 x 42.7 x 66.3 Angstrom3. This is to minimize the 
long-range periodicity error of the finite-size supercell. In Figure 2 in the main text, we show AFM1 spin order 
monomorphous model as the example for monomorphous model, because it has the best agreement to 
experimental PDF among all monomorphous models. Here in Figure S3 we show the comparison between 
experimental PDF and PDF calculated from each monomorphous model (NM, FM, AFM-CB, AFM1). In Table SII we 
list all generation parameters of the calculated PDF shown in Figure 2 in the main text. 
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Figure S3 The calculated PDF from different monomorphous models, compared with the PDF measured by X-ray 
experiment at 300 K [1]. The PDF shown in (d) monomorphous AFM1 cell has the best agreement among all 
monomorphous models (identical to Fig. 2(a) in the main text). The DFT total energy for each model is given as the 
total energy difference between that model and the reference monomorphous AFM1 model (unit in meV/f.u.), the 
same as the value shown in Table SI. 
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Table SII Generation parameters of the calculated PDF shown in Figure 2 in the main text: (a) monomorphous 
tetragonal AFM1 model (4-fu tetragonal), (b) monomorphous orthorhombic model [1] (4-fu orthorhombic), and 
(c) polymorphous tetragonal AFM1 model (384-fu tetragonal). 
 
Scaling 
factor 
δ1 ADP of Fe (U11, U22, U33) (A-2) ADP of Se (U11, U22, U33) (A-2) 
(a) Monomorphous 
tetragonal AFM1 cell 
0.800 1.896 0.016, 0.016, 0.024 0.014, 0.014, 0.011 
(b) Polymorphous 
tetragonal AFM1 supercell 
0.663 1.817 0.017, 0.017, 0.009 0.022, 0.022, 0.00001 
 
The overall weighted R-value. We use a weighted agreement factor Rw to assess the agreement between 
calculated and observed PDF, which is given by 
   =  
∑ [    (  ) −      (  ,  )]
  
   
∑ [    (  )]
  
   
, (1) 
 
Section X3: Effective band structure 
The basic concept of EBS can be described using the following equations. Assume in supercell |  ⟩ is the m-
th electronic eigen state at K in supercell BZ whereas in primitive cell |   ⟩ is the n-th eigen state at ki in primitive 
BZ, then each |  ⟩ can be expanded on a complete set of |   ⟩ where K = ki - Gi, and Gi being reciprocal lattice 
vectors in the supercell BZ, which is the folding mechanism [6] 
|  ⟩ =      (  ,  ;  ,  )|   ⟩
 
  
   
, (2) 
The supercell band structure at K can then be unfolded back to ki by calculating the spectral weight    (  ) 
   (  ) =  |⟨  |   ⟩|
 
 
(3) 
   (  ) represents ‘how much’ Bloch characteristics of wavevector ki has been preserved in |  ⟩ when En = Em. 
The EBS is then calculated by spectral function  (  ,  ) 
 (  ,  ) =      (  ) (   −  )
 
(4) 
 
 
Section X4: Effects of spin-orbit coupling 
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We compared the NM band structure of the monomorphous unit cell with and without SOC (Fig. S4). We find 
that the SOC introduces a splitting of 90 meV at Γ between j=±3/2 and ±1/2 states (note that the SOC order 
introduced by p states is j=±3/2 above j=±1/2, whereas here d character gives the reverse j=±1/2 above j=±3/2 
order, called “negative SOC”). However, SOC does not change the overly wide band width of the monomorphous 
structure relative to experiment (monomorphous model gives band widths for α and β states ~2 times larger than 
the experimental observation). As we show in this paper the shortcoming of naïve DFT (non-magnetic assumption, 
minimal unit cell, no relaxation) is cured by using a polymorphous approach that allows each Fe atom to adopt its 
preferred displacement and spin configuration, as shown in panel (c). Furthermore, the SOC does not affect the 
band order or ensuing the nematicity (lower panels), leaving the monomorphous dxz and dyz orbitals, either with 
SOC (d) or without SOC (e) as symmetric, being equally occupied. We conclude that whereas SOC in FeSe gives the 
expected standard splitting between j=±3/2 and ±1/2 states at Γ, it does not explain the main anomalies of the 
monomorphous band structure regarding orbital order and mass enhancement. Because the SOC provides a rather 
atomically localized effect, it is not expected that it will alter atomic displacements and bond strength. 
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Fig. S4: DFT band structure of tetragonal FeSe from (a) monomorphous model (non-magnetic, tetragonal, 2 f.u./cell) 
with SOC, (b) monomorphous model same as (a) but without SOC, and (c) polymorphous model (paramagnetic, 
tetragonal, 384 f.u./cell) without SOC, compared with experimental ARPES results [open circles; from Ref [7,10,12] 
in the main text] with α, β, and γ denoting three bands near the Fermi level. (d-f) The orbital orders (Fe and Se 
positions are shown by circles and labels in (c)) shown by the calculated cross-sections (here, (001) plane at z=0) 
of the partial charge-density in an energy region nearby the top of α and β states (purple rectangles in (a,b,c). 
 
Section X5: Effects of U values 
In the present work we selected our U value from a range of allowable values finding that it also gives a good 
agreement with the measured lattice constant of tetragonal FeSe (calculated a=5.338 Å and c=5.521 Å; measured 
a=5.334 Å and c=5.524 Å) -- an added bonus that is very convenient given that we deal with comparison of 
predicted vs measured structural data such as PDF. Just in case, as a sensitivity test, we compared the electronic 
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consequences of the 384-fu polymorphous PM supercell, using different U values as applied in the PBE+U method. 
Fig. S5 shows the EBS from (a) U=0.875 eV and (b) U=1.5 eV. For U=1.5 eV, the γ band is embedded in the valence 
band energy region hence not able to be seen; nevertheless, one can still extract the α and β bands from the 
intensity maxima of EBS (red dash lines in Fig. S5(b) as the guide for the eye) which agree well with ARPES results 
(open circles in Fig. S5(a)(b)). Therefore, the conclusion of band renormalization induced by polymorphous is 
consistent between these two U values. Moreover, in Fig. S5(c)(d) we also plot the orbital order by the calculated 
real-space cross-sections (here, (001) plane at z=0) of the partial charge-density in an energy region nearby the 
top of α and β states (purple rectangles in (a,b). It can be seen that the conclusion of polymorphous-induced orbital 
ordering of dxz and dyz, or local nematicity, is also consistent between these two U values. 
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Fig. S5: Electronic properties of 384-fu polymorphous PM FeSe supercell with different U values. EBS under (a) 
U=0.875 eV (identical to Fig. 1 in the main text), and (b) U=1.5 eV. Orbital order shown by the real space cross-
sections (here, (001) plane at z=0) of the partial charge-density in an energy region nearby the top of α and β states 
(purple rectangles in a,b) from (c) U=0.875 eV and (d) U=1.5 eV. 
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